An important feature of development is the formation of patterns that are proportional to the overall size of the embryo. But how such proportionality, or scaling, is achieved mechanistically remains poorly understood. Furthermore, it is currently unclear whether organisms utilize similar or distinct mechanisms to achieve scaling within a species and between species. Here we investigate within-species scaling mechanisms for anterior-posterior (A-P) patterning in Drosophila melanogaster, focusing specifically on the properties of the Bicoid (Bcd) morphogen gradient. Using embryos from lines artificially selected for large and small egg volume, we show that large embryos have higher nuclear Bcd concentrations in the anterior than small embryos. This anterior difference leads to scaling properties of the Bcd gradient profiles: in broad regions of the large and small embryos along the A-P axis, normalizing their positions to embryo length reduces the differences in both the nuclear Bcd concentrations and Bcd-encoded positional information. We further trace the origin of Bcd gradient scaling by showing directly that large embryos have more maternally deposited bcd mRNA than small embryos. Our results suggest a simple model for how within-species Bcd gradient scaling can be achieved. In this model, the Bcd production rate, which is dependent on the total number of bcd mRNA molecules in the anterior, is scaled with embryo volume.
INTRODUCTION
One of the most intriguing aspects of embryonic development is the proportionality in pattern formation. Despite size variation among individuals in a population their body parts are formed in a proportionate, or scaled, manner (Flatt, 2005; Hendrikse et al., 2007; Patel and Lall, 2002; Waddington, 1942) . Scaled patterning is generally robust to genetic background variation and environmental fluctuations, and it takes place within a species as well as across different species. Thus, understanding the mechanistic underpinnings of scaled patterning is important to both evolutionary and developmental biology. Since positional information in pattern formation is initiated by the establishment of concentration gradients of morphogens (Kerszberg and Wolpert, 2007; Lander, 2007; Martinez Arias and Hayward, 2006) , a critical component of scaling may occur in the context of the molecular properties of morphogen gradients.
Drosophila Bicoid (Bcd) is one of the best-studied morphogen systems (Driever and Nüsslein-Volhard, 1988a; Ephrussi and St. Johnston, 2004) . It forms a concentration gradient along the anterior-posterior (A-P) axis and instructs patterning by activating its downstream targets in a concentration-dependent manner (Burz et al., 1998; Driever and Nüsslein-Volhard, 1988b; Ma et al., 1996; Struhl et al., 1989) . Although scaling of patterning along the A-P axis is a well-documented phenomenon (Houchmandzadeh et al., 2002; Lott et al., 2007) , there are relatively few mechanistic studies on the scaling properties of the Bcd gradient. This is in part due to technical difficulties. Unlike the downstream target genes that have sharp boundaries to their expression patterns, the smooth Bcd gradient profile poses significant technical challenges in quantitatively evaluating its properties (Gregor et al., 2007a; He et al., 2008; Reinitz, 2007) . In addition, embryos from standard Drosophila lines have relatively small variations in size (Gregor et al., 2007a; He et al., 2008; Houchmandzadeh et al., 2002; Lott et al., 2007) , further hindering quantitative investigations of scaling mechanisms of the Bcd gradient. Thus, despite its fundamental nature, how Bcd gradient and A-P patterning scaling is achieved mechanistically remains poorly understood and controversial (de Lachapelle and Bergmann, 2010b; Gregor et al., 2005; He et al., 2008; Houchmandzadeh et al., 2002; Manu et al., 2009) .
The Bcd profile can be approximated by an exponential function of distance x, BAe
, where A is the amplitude and  is the length constant (Houchmandzadeh et al., 2002) . Gregor et al. took advantage of embryos from different dipteran species that differ greatly in size and found that  differed between the species and was correlated with a nearly fivefold difference in the embryo length, L (Gregor et al., 2005) . According to a simple diffusion model (Wartlick et al., 2009; Wolpert, 1969) ,  is a function of the diffusion constant D and the decay rate  of the morphogen molecules:  2 D/. Within the framework of this model, betweenspecies scaling for the Bcd gradient is likely to be achieved through species-specific evolution of the diffusion and/or decay rates (Gregor et al., 2005; Gregor et al., 2008) .
Whether and how the Bcd gradient profiles are scaled within a species remains controversial and less well understood. It has been suggested that, unlike the scaling properties observed in embryos across different species, the Bcd gradient within a species is not scaled with L (Gregor et al., 2005) . However, our own studies have shown that Bcd gradient profiles in wild-type (wt) D. melanogaster embryos exhibit properties indicative of scaling (He et al., 2008) .
The role of Bcd-encoded positional information in within-species scaling is a matter of current debate (de Lachapelle and Bergmann, 2010a; de Lachapelle and Bergmann, 2010b; Jaeger, 2010) .
Whereas stochastic fluctuations in egg size in a genetically inbred population only lead to modest size differences, genetic variation for egg size in natural populations does exist. In a forced selection experiment based on a collection of 120 females from central Illinois, Miles et al. produced population cages of D. melanogaster exhibiting, on average, a 37.9% difference in egg volume between the large and small egg selected cages (Miles et al., 2010) . Despite the significant size differences between the embryos from these selected populations, the expression boundary positions for the pair-rule gene even skipped (eve) exhibit good scaling properties (Miles et al., 2010) . We reasoned that the Bcd gradient properties in these embryos, and in a pair of inbred lines derived from them, might provide insights into how scaled A-P patterning is achieved within a species. In particular, do Bcd gradient profiles in embryos that are genetically divergent for egg size exhibit scaling properties? If so, does the length constant  of the Bcd gradient differ between the lines as a means for achieving scaling (as it apparently does between species)?
Our results show that, in broad regions of the large and small embryos, normalizing their A-P positions to L reduces the differences in both the Bcd concentrations and its encoded positional information, properties indicative of scaling. We further show that, unlike between-species scaling, the Bcd gradient profiles have similar  but differ in Bcd concentrations at the anterior, B 0 , that are scaled with embryo volume. We directly trace the origin of within-species Bcd gradient scaling by measuring the amount of the maternally deposited bcd mRNA in early embryos. We show, for the first time to our knowledge, that large embryos have more bcd mRNA than small embryos. Our results suggest that scaling of the Bcd production rate with embryo volume represents one mechanism by which Bcd gradient scaling can be achieved. Taken together, our study significantly advances understanding of the origin of within-species scaling for the Bcd morphogen gradient. It also reveals how organisms may achieve within-species and between-species Bcd gradient scaling through distinct, although not necessarily mutually exclusive, mechanisms.
MATERIALS AND METHODS

Fly strains, artificial selection and inbreeding
Replicate populations of D. melanogaster with divergent egg sizes were generated using artificial selection from a collection of 120 wild-caught females from central Illinois, USA (Miles et al., 2010) . Briefly, truncation selection from January 2007 through June 2008 resulted in three replicate cages each of large egg-producing and small egg-producing populations. Mean egg volume of the base population (± s.e.) was 10.3±0.03ϫ10 -3 mm 3 . Mean egg volumes among lines for the large and small egg cages after selection were 12.1±0.02ϫ10 -3 mm 3 and 8.7±0.02ϫ10 -3 mm 3 , respectively, representing a difference in egg length of ~12%. As shown previously (Miles et al., 2010) , embryos from these lines, despite their size difference, exhibit good scaling properties along the A-P axis as measured by the eve expression boundary positions.
After cessation of selection, populations were allowed to randomly mate within the six replicate cages and environmental conditions were held constant. Cages #2 and #9, with large and small embryos, respectively, were used in our current work. Embryos used in this study were collected 9 months after selection was stopped (March 2009). Each cage represented a randomly mating population of flies that, despite having undergone directional selection on egg size, still possessed considerable genetic variation segregating in each generation. Embryo length in the cages had regressed toward the mean slightly (see Fig. S1 legend in the supplementary material for measurements). To obtain pure-breeding genetically stable lines differing in egg size, we established inbred lines as follows. Virgin females from each cage were mated with individual brothers to initialize each inbred line. Brother-sister inbreeding continued from July 2008 through June 2010. In every generation females were mated with brothers but virgins were not routinely collected. A pair of inbred lines (#2.46 and #9.17) derived from the original cages #2 and #9, respectively, was used in our current analysis. Embryos used in our work were collected after 30 generations of full-sib inbreeding (January 2010). To make a distinction with the embryos from the population cages (with their Bcd data shown in Figs S1-S4 in the supplementary material), we refer to these embryos as the inbred or purebred embryos (with their Bcd data shown in Figs 1-3 ).
For our current work, 0-1 hour embryo collections were used for bcd mRNA fluorescence in situ hybridization (FISH) (Struhl et al., 1989) .
Immunostaining and data analysis
For antibody staining, embryos were collected and fixed as previously described (Kosman et al., 1998) , with an additional post-fixation step and permeabilization treatment (He et al., 2008; Patel et al., 2001) . The primary and secondary antibodies were, respectively, a polyclonal rabbit anti-Bcd (Santa Cruz Biotechnology) and Alexa Fluor 594 goat anti-rabbit (Molecular Probes). Nuclei were counterstained using 4Ј,6-diamidino-2-phenylindole dihydrochloride (DAPI, Sigma). Stained embryos were mounted in DABCO anti-fade mounting media (Sigma) onto slides with bridges. High-resolution digital images (1388ϫ1040, 8 bits/pixel) were captured on a Zeiss Imager Z1 ApoTome microscope with a Zeiss Plan 10ϫ Aprochromat objective using Axiovision 4.5 software in the linear setting without any normalization or adjustments. Embryos were oriented laterally for imaging the midsagittal section.
Fluorescence intensities were extracted from the nuclear layer on the dorsal side of embryos at early nuclear cycle 14 as described previously (He et al., 2008) . For background measurement, we added embryos from bcd E1 females to each group of experimental embryos; background subtraction was performed for individual groups separately. All parameter calculations were performed using Matlab (R2008b version 7.7) including the Statistics Toolbox (MathWorks). The length constant values were calculated for individual embryos by a linear fitting of ln(B/B max ) against x or x/L, where both B and B max are background-subtracted without other adjustments as described previously (He et al., 2008; . The intensity values within the range x/L0.1 to 0.5 were used in all calculations of length constant values. The Bcd intensity data presented in this work are available upon request.
FISH and data analysis
All embryos used in FISH were collected, fixed and permeabilized as described above. Digoxigenin-11-UTP (Roche Applied Science) labeled RNA probe was generated from a bcd cDNA plasmid [FY441 (Zhao et al., 2002) ] and hybridized with the embryos for 72 hours at 60°C. The primary antibody was mouse anti-digoxigenin (Roche Applied Science); the secondary antibody was goat anti-mouse Alexa Fluor 555 (Molecular Probes). Nuclear counterstaining, embryo mounting and imaging were as described above except without engaging ApoTome mode.
For image processing, we first used the DAPI counterstain background signals to demarcate the outline of the embryo. We then used Otsu's method (Otsu, 1979) to determine the threshold for specific signals and generated a contour line, the area within which was used for signal extraction. Background was subtracted using the mirror image of the measuring area positioned at the posterior end of the embryo using Matlab. Owing to the morphological differences between the anterior and posterior tips of the embryos, it was necessary to make minor adjustments to properly position the background measuring area, which was first placed at the posterior tip of the embryo and then scanned for the first location at RESEARCH ARTICLE Development 138 (13) which it was fully contained within the bounds of the embryo outline. The method of using an inversed area for background subtraction provides a way to correct for uneven distributions of background signals in wholemount embryos (Myasnikova et al., 2005) and for embryo-to-embryo variations in both bcd mRNA distributions and background signals. Calculation of embryo volume assumes a prolate spheroid shape (VLH 2 /6, where L is embryo length and H is embryo height). All embryos in this study (for both protein staining and mRNA FISH) were imaged on slides under bridged coverslips to minimize geometric distortion. When describing the relative difference between the average lengths (or volumes) of the embryos, we also provide an error estimate, which was calculated as the s.d. of the relative differences between individual large and small embryos in all possible pairs. All P-values are from Student's t-tests unless stated otherwise.
RESULTS
Large and small embryos have different nuclear Bcd concentrations in the anterior
To investigate mechanisms of scaled A-P patterning in Drosophila, we took advantage of the large and small embryos produced by artificially selected lines (Miles et al., 2010 ). In our current work, embryo size refers to the volume of the embryo; these two terms are used interchangeably and they are distinct from the length of the embryo. As detailed in the Materials and methods, we analyze embryos from both the originally selected population cages (#2 and #9) and from a pair of inbred lines derived from these cages (#2.46 and #9.17). Cages #2 and #9, and their corresponding inbred lines #2.46 and #9.17, have large and small embryos, respectively. We performed quantitative fluorescence immunostaining to detect Bcd in both sets of embryos. For conciseness, our Bcd staining results from the embryos from the inbred lines are presented as main figures, whereas the corresponding results from embryos from the population cages are shown in supplementary figures. Although the difference in size between embryos from the two population cages is smaller than between embryos from the two inbred lines (as expected, see Materials and methods), the two sets of data are consistent with each other (see Fig. S1 in the supplementary material for further details).
To ensure a direct comparison between our detected Bcd intensities in stained embryos, the large and small embryos were stained side by side, with images captured within a linear range in a single imaging cycle under identical settings, including the exposure time. To facilitate background measurements under identical staining conditions, we also mixed embryos from bcd E1 females with our experimental embryos. Fig. 1A ,C shows midsagittal fluorescence images of representative large and small embryos at early nuclear cycle 14. To help visualize the shape and size of these embryos, images showing nuclei are displayed next to their corresponding fluorescence images (Fig. 1B,D) . A visual inspection of these images gives an immediate, non-quantitative impression: the raw fluorescence intensities for Bcd are higher in the large embryo than in the small embryo.
To quantify our immunostaining data, we extracted the Bcd intensity values within the nuclear layer of the midsagittal images. As discussed previously (He et al., 2008) , these extracted Bcd intensity values have a linear relationship with nuclear Bcd concentrations. Fig. 1E -H shows the raw Bcd intensity, B, in the large and small embryos as a function of either the absolute distance from the anterior (x, in m) or of relative distance (x/L; see Fig. S1A -D in the supplementary material for corresponding data for embryos from population cages). In these figures, the measured background intensities are also shown. Our quantitative results (n9 for both groups) confirm the visual impression and demonstrate that the raw Bcd intensities in large embryos are higher than in small embryos. In particular, the nuclear Bcd concentrations (in arbitrary intensity units) at the anterior, B 0 , are 45.1±6.7 and 23.7±5.4 (mean ± s.d.) for the large and small embryos, respectively (P1.2ϫ10 
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have been background-subtracted without any further adjustments. The maximal nuclear Bcd concentration, B max , is also significantly higher in large embryos than in small embryos (49.4±3.3 versus 29.6±4.8, respectively; P2.2ϫ10 -8 ; see Fig. S2 in the supplementary material for measurements of B 0 and B max from individual embryos). These results are consistent with our previous findings obtained from a population of wt embryos that exhibited small variations in embryo size (He et al., 2008) , but the enhanced embryo size difference found in our current study resulted in greater differences in both B 0 and B max (see Fig. S1 legend in the supplementary material for further evidence supporting this conclusion). Together, our results demonstrate that the nuclear Bcd concentrations in the anterior are higher in large embryos than in small embryos.
Bcd gradient profiles from large and small embryos converge as a function of x/L
To directly compare the measured Bcd gradient profiles in the large and small embryos, we plot in same graphs their mean profiles as a function of either x (Fig. 1I ) or x/L (Fig. 1J) . Our results show that, although the two profiles are visibly different from each other when expressed as a function of x, they exhibit a property of convergence, as a function of x/L, in broad regions of the embryo along the A-P axis, except at their most anterior parts (see Fig.  S1E ,F in the supplementary material for corresponding data for embryos from population cages). Such convergence -a reduction in the difference between these two Bcd gradient profiles in broad regions of the embryo (except their most anterior regions) when using A-P positions relative to embryo length -is a hallmark of scaling (Deng et al., 2010; He et al., 2008) .
To further evaluate this convergence, or scaling, of the Bcd gradient profiles, we performed three additional analyses. First, we calculated the difference between the mean nuclear Bcd concentrations in large and small embryos, B, at different A-P positions. Fig. 2A ,B shows B, normalized to the averaged concentrations from the large and small embryos, ͗B͘, as a function of x or x/L (see Fig. S3A ,B in the supplementary material for corresponding data for embryos from population cages). For this analysis, we focused on the anterior half of the embryo where the measured Bcd intensities are more reliable due to lower experimental and background errors (He et al., 2010a; He et al., 2010b; He et al., 2008) . The plots in Fig. 2A and 2B show data from equivalent regions of the embryo so as to allow direct comparison, i.e. the display windows for x when normalized to ͗L͘ ( Fig. 2A ) and x/L (Fig. 2B ) are equivalent. Although B/͗B͘ in the anterior is, as expected, similar between these two plots, it quickly diverges as we move away from the anterior. In particular, whereas B/͗B͘ as a function of x remains relatively stable and stays as a positive value throughout the entire A-P length in the display ( Fig.  2A) , it exhibits a significant drop as a function of x/L to settle near zero (Fig. 2B) . This illustrates that, in broad regions of the large and small embryos along the A-P axis (except in their most anterior regions), normalization of their A-P positions to L reduces the differences in their nuclear Bcd concentrations.
In a second analysis, we calculated the difference between large and small embryos in the positions at which the mean Bcd gradient profiles cross different Bcd concentration thresholds. We plot this difference in terms of positional information, x, as a function of either x or x/L (Fig. 2C,D and see Fig. S3C ,D in the supplementary material for corresponding data for embryos from population cages). To facilitate a comparison between these two plots, we use x/͗L͘ in Fig. 2C , where ͗L͘ is the averaged length of the large and small embryos. As in Fig. 2A,B, Fig. 2C ,D show data from equivalent regions of the embryo. Our results show that the difference in the positional information provided by the mean Bcd gradient profiles from the large and small embryos quickly diminishes as a function of x/L (Fig. 2D) . This property, which stands in contrast to the profile shown in Fig. 2C where x persists
RESEARCH ARTICLE
Development 138 (13) Here, x and x/L denote the differences between the A-P positions at which the mean Bcd profiles from the large and small embryos cross given Bcd thresholds. We used interpolated B values to find the A-P positions (x or x/L) at different thresholds. To facilitate a direct comparison between C and D, x in C is normalized to the mean length of the large and small embryos, ͗L͘. Error bars represent s.d. of the difference between the sample mean positions, estimated (see above) from the positional errors for the large and small embryos converted from their respective intensity errors as described previously (Gregor et al., 2007a) . See text for further details. (E)Scaling coefficient S as a function of A-P position. This analysis was conducted by pooling the data from the large and small embryos, which have a mean length of ͗L͘. The position x i at which the ith Bcd profile crosses a threshold was obtained from its interpolated B values (after the use of Matlab's Smooth function). The mean of the positions at which individual profiles cross this threshold is ͗x͘. Scaling coefficient S was calculated as reported (de Lachapelle and Bergmann, 2010b) and is defined as S ␤͗L͘/͗x͘, where ␤ is the estimated slope from a linear regression x+L of x i values onto their respective length L i values. Error bars indicate 95% confidence intervals from the regression analysis. Technically, and more accurately, x/L shown in the figure represents ͗x͘/͗L͘.
as a function of x, is another way of saying that normalizing A-P positions to L reduces the difference between the mean Bcd gradient profiles (in broad regions of these embryos, except their most anterior parts).
Finally, we analyzed the large and small embryos as a pooled group and calculated the scaling coefficient, S, at different positions (de Lachapelle and Bergmann, 2010b) . It has been suggested that perfect scaling has an S value of 1, whereas values above and below 1 represent hyperscaling and hyposcaling, respectively. Our results (Fig. 2E) show that, consistent with the expression boundary positions of Bcd target genes (de Lachapelle and Bergmann, 2010b), the S values are significantly higher than 1 in the anterior parts of the embryo, suggestive of hyperscaling. The S value quickly drops toward the middle of the embryo, with the S profile settling close to 1 (see Fig. S3E in the supplementary material for corresponding data for embryos from population cages; see Discussion for further information). Together, these results provide quantitative evidence that the Bcd gradient profiles from the large and small embryos have properties indicative of scaling.
Mechanisms of scaling evaluated by the length constant of Bcd gradient profiles
Previous studies suggest that Bcd gradient scaling across different species is achieved by evolved differences in the balance of diffusion and degradation rates such that  is scaled with L (Gregor et al., 2005) . To determine whether large and small embryos from the selected lines of a single species, D. melanogaster, employ a similar mechanism in Bcd gradient scaling, we calculated the length constant values either as an absolute length  (in m) or as a relative length /L. We found that the Bcd gradient profiles from the large and small embryos have comparable  values in absolute length [99.2±5.7 m and 94.0±20.1 m (mean ± s.d.), respectively; P0.46, Student's t-test]. By contrast, the relative length constants for these embryos are significantly different from each other (/L0.16±0.02 and 0.19±0.04 for large and small embryos, respectively; P0.015; see Fig. S4 legend in the supplementary material for length constant values for embryos from population cages).
To further evaluate  values measured as either absolute length or relative length, we analyzed the mean Bcd gradient profiles from the large and small embryos. Here, we plot ln(B/B max ) of the mean profiles as a function of either x (Fig. 3A ) or x/L (Fig. 3B) . As in the analyses shown in Fig. 2 , we exclude data in regions x/L>0.5 to minimize the impact of experimental and background errors. We also exclude data from the most anterior parts of the embryo, where the Bcd gradient profiles are known to deviate significantly from the exponential function (He et al., 2010a; He et al., 2008; Houchmandzadeh et al., 2002) . To facilitate comparison, the display windows for x when normalized to ͗L͘ (Fig. 3A ) and x/L (Fig. 3B) are equivalent. In the plots shown in Fig. 3A ,B, the length constants of the mean Bcd profiles are the negative reciprocals of the slopes. Our results show that, whereas the slopes are similar for the two mean profiles as a function of x, they diverge as a function of x/L, with a steeper slope, and thus a smaller /L value, for the mean Bcd gradient profile from the large embryos (see Fig. S4A ,B in the supplementary material for corresponding data for embryos from population cages).
Correlation between nuclear Bcd concentration and embryo size
The significant difference between B 0 or B max in large and small embryos (Fig. 1E-J and see Fig. S1A -F in the supplementary material), coupled with the lack of a significant difference in their respective  values (Fig. 3A) , suggest that within-species scaling for the Bcd gradient is established through properties or events that are restricted primarily to the anterior parts of the embryo, as opposed to between-species differences that are manifested throughout the embryo. To evaluate how the differences in the nuclear Bcd concentrations at the anterior of the large and small embryos are propagated as a function of distance, we plot the correlation coefficient between the nuclear Bcd concentration B and embryo length L, r B-L , as a function of either x or x/L (Fig.  3C ,D and see Fig. S4C ,D in the supplementary material for corresponding data for embryos from population cages). Our results show that, whereas the anterior-initiated r B-L is propagated reliably well into the middle and posterior parts of the embryo as a function of x, it exhibits a precipitous drop in the anterior (at x/L 0.15) of the embryo. This drop in r B-L directly contributes to the convergence of the mean Bcd gradient profiles from the large and small embryos (see Fig. 1I ,J and Fig. S1E ,F in the supplementary material).
To better understand the mechanistic basis for Bcd gradient scaling, we asked a simple question: is the observed difference in B 0 or B max between the large and small embryos better explained by their length difference or size (i.e. volume) difference? The large and small embryos from the inbred lines have an average length of 645.7±22.1 m and 518.6±22.4 m (mean ± s.d.), respectively (P1.8ϫ10 -9 ), representing a 24.5% difference (with an error estimate of 4.2%). Assuming a prolate spheroid embryo shape, the average volume of the large and small embryos is 18.2±1.4ϫ10 3 mm -3 and 10.6±1.0ϫ10 3 mm -3 , respectively (P5.3ϫ10 -10 ), representing a 71.7% difference (with an error estimate of 6.9%; the height of the large and small embryos is 232.1±6.4 m and 197.5±7.7 m, respectively, P1.5ϫ10 -8 ). We found that the B max difference between the large and small embryos is 66.9% (with an error estimate of 10.1%), which is closer to the embryo volume difference (71.7%) than the embryo length difference (24.5%). The
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Tracing the origin of scaled patterning DEVELOPMENT difference between the B 0 values from the large and small embryos, 90.3% (with an error estimate of 14.5%), is also closer to the embryo volume difference than the embryo length difference. Our data from embryos collected from the population cages further support this conclusion (for details, see Fig. S2 legend in the supplementary material).
Establishing a method to directly quantify the amount of bcd mRNA in embryos In an idealized simple diffusion model, the steady state concentration of the morphogen molecules at the source, A, is a function of the morphogen production rate J: AJ(D)
, where D and  are, respectively, the diffusion constant and decay rate of the morphogen molecules (He et al., 2010a; Wartlick et al., 2009; Wolpert, 1969) . To further trace the origin of Bcd gradient scaling mechanisms, we sought to determine whether the amount of the maternally deposited bcd mRNA, and thus the production rate of Bcd protein molecules, might be different between the large and small embryos. But we first needed to develop a method for quantifying bcd mRNA in whole-mount embryos. For our study, we used a quantitative fluorescence in situ hybridization (FISH) analysis to detect bcd mRNA in embryos. We captured raw epifluorescence intensities within a linear range, without normalization or other adjustments. To minimize the effects of bcd mRNA decay (Berleth et al., 1988) or redistribution (Little et al., 2011; Spirov et al., 2009 ), we specifically selected embryos no later than the fifth nuclear cycle, as judged by the number of nuclei detected by DAPI counterstaining. For calibration, we used embryos from females that have one, two or three copies of bcd, referred to as 1ϫ, 2ϫ and 3ϫbcd calibrating embryos, respectively. The 1ϫbcd calibrating embryos were obtained from +/deficiency females, which lacked a copy of the bcd gene. Fig.  4A -C shows representative epifluorescence images of 1ϫ, 2ϫ and 3ϫbcd embryos, which were stained side by side, with their images captured under identical settings including the exposure time. A visual, non-quantitative inspection reveals that, as expected, epifluorescence signals are lowest in 1ϫbcd embryos and highest in 3ϫbcd embryos.
Since the distributions of bcd mRNA exhibit a significant variability among embryos, we developed a method to outline, for individual embryos, the anterior areas from which bcd mRNA fluorescence signals were extracted. We used Otsu's thresholding algorithm (Otsu, 1979) to draw a contour line at a threshold established for that embryo. To subtract the non-specific signals present inside the outlined detection areas in the anterior, we inverted the contour shape to the posterior end of the embryo ( Fig.  4D ; see Materials and methods for details). We used the aggregate epifluorescence intensities extracted from each embryo, with background subtracted individually, to evaluate the relationship between the detected intensities and the relative amounts of bcd mRNA in whole-mount embryos. Fig. 4E shows that the intensities detected in the calibrating embryos exhibit a linear relationship with the maternal bcd gene dose, demonstrating that our method is adequate for quantitatively measuring the amount of bcd mRNA in whole-mount embryos. We used the standard curve shown in Fig.  4E to convert fluorescence intensity to relative bcd mRNA amount for experiments that were conducted side by side with these calibrating embryos.
Development 138 (13) Large and small embryos have different amounts of maternally deposited bcd mRNA We applied our method described above to the large and small embryos from the selected D. melanogaster lines. To minimize experimental errors, each pair of large and small embryos was analyzed on a side-by-side basis (see Fig. 5A ,B for representative raw images). Similar to the calibrating embryos, we selected experimental embryos no later than the fifth nuclear cycle in order to minimize the effects of bcd mRNA decay or redistribution. Fig.  5C ,D shows scatter plots of the measured epifluorescence intensities against L for inbred lines and caged populations, respectively. The large embryos have significantly higher intensities than the small embryos (P4.8ϫ10 -6 and 1.5ϫ10 -7 for embryos from inbred lines and population cages, respectively; see Figs S5-S7 and Table S1 in the for additional data supportive of this conclusion).
Using the established standard curve (Fig. 4E) , we converted the fluorescence intensities to the amount of bcd mRNA to assess whether differences in mRNA amount are more consistent with differences in embryo length or embryo volume. We only used data from experiments that were performed side by side with the calibrating embryos shown in Fig. 4E P3.1ϫ10 -8 ). The relative bcd mRNA amount (converted from measured intensities) in these embryos differs by 79.3% (with an error estimate of 18.1%), a value that is closer to the embryo size difference than the embryo length difference (see Fig. S5 legend in the supplementary material for additional results supporting this conclusion). Although our FISH data contain unavoidable errors due to the inherent technical difficulties in accurately quantifying the amount of bcd mRNA in whole-mount embryos, they are nonetheless consistent with our Bcd staining data with regard to B 0 and B max in relation to embryo volume (see above). Together, they support the hypothesis that the amount of maternally deposited bcd mRNA is set by embryo volume rather than length.
DISCUSSION
Embryonic patterning is a robust process that is insensitive to embryo size (Flatt, 2005; Hendrikse et al., 2007; Houchmandzadeh et al., 2002; Lott et al., 2007; Miles et al., 2010; Patel and Lall, 2002; Waddington, 1942) . Our results described here ( Fig. 2 and see Fig. S3 in the supplementary material) and in a previous report (He et al., 2008) show that the Bcd gradient profiles in D. melanogaster embryos exhibit scaling properties. The enhanced size differences between the embryos from the selected Drosophila lines have enabled us to investigate, in greater depth and clarity, Bcd gradient scaling and its origin. We show that large embryos have more maternally deposited bcd mRNA than small embryos. The differences between these embryos in both B 0 (or B max ) and the amount of bcd mRNA are better explained by the differences in embryo volume than embryo length. In an idealized simple diffusion model, the steady state morphogen concentration at the source is a function of the morphogen production rate. If the number of Bcd molecules produced per unit time is proportional to the total number of bcd mRNA molecules in the anterior of an embryo, then the aggregate Bcd production rate for the embryo should be proportional to the total amount of maternally deposited bcd mRNA. During oogenesis, the majority of bcd mRNA is deposited when nurse cells 'dump' their cytoplasmic contents into the oocyte (Weil et al., 2006) . If the bcd mRNA concentration in these cytoplasmic contents is similar across different egg chambers at the time of dumping, then the total number of bcd mRNA molecules in an egg should be approximately proportional to its volume, on average. Based on these considerations and our experimental results, we propose a simple model for how Bcd gradient scaling within a species can be achieved. In this model, deposition of bcd mRNA is dependent on egg volume, which leads to a volume-dependent adjustment of the Bcd production rate in the anterior, allowing the Bcd gradient to achieve scaling in broad regions of the embryo. We now discuss several attributes of this model.
Our proposed Bcd gradient scaling model, i.e. a volumedependent Bcd production rate, represents an early-acting scaling mechanism along the A-P axis in D. melanogaster embryos. In addition, since Bcd acts as a direct and sustained input for target gene transcription (He et al., 2010a; He et al., 2010b; He et al., 2008; He et al., 2011; , the scaling properties of the Bcd gradient also represent a critical means by which scaled A-P patterning is achieved in broad regions of the embryo (see below for further discussion).
The proposed volume-dependent production rate mechanism for within-species Bcd gradient scaling differs from the previously identified between-species scaling mechanism (Gregor et al., 2005) . Whereas between-species scaling is achieved by evolutionary adjustment of  to scale it with L (Gregor et al., 2005) , our large and small D. melanogaster embryos have comparable  values in absolute length (Fig. 3A,B and see Fig.  S4A ,B in the supplementary material). In a simple diffusion model (Wartlick et al., 2009; Wolpert, 1969) ,  2 D/, suggesting that between-species scaling is achieved by adjusting the effective diffusion constant D and/or the effective decay rate , speciesspecific properties that are manifested throughout the embryos (Gregor et al., 2005; Gregor et al., 2008 ). In our model, Bcd gradient scaling within a species is achieved through adjusting the Bcd production rate in the anterior (via the adjustment of bcd mRNA deposition). Although the models for within-species and between-species Bcd gradient scaling are distinct from each other, they are not mutually exclusive. For example, it is possible (although untested) that the Bcd production rate also differs in embryos from different species.
The proposed adjustment of the Bcd production rate represents a 'passive', self-correcting mechanism in the sense that it may arise as a unidirectional physiological consequence of how nurse cells provision the egg. Although our FISH data clearly demonstrate that large embryos have more bcd mRNA than small embryos (Fig. 5  and see Figs S5, S6 and Table S1 in the supplementary material), precisely how this is achieved remains unknown. One could imagine that the rate of bcd transcription in nurse cells may be regulated by the cytoplasmic volume through some unknown feedback mechanism(s). Alternatively, the duration of bcd transcription (i.e. bcd mRNA accumulation) is tightly but passively related to the time that it takes for nurse cells to mature and accumulate their cytoplasmic contents (i.e. cytoplasmic volume) prior to dumping. Our studies described here and previously (He et al., 2008) have focused on embryo size variation that arises from either genetic differences or stochastic fluctuations. However, environmental factors may represent an even more important determinant of egg size variation. Since the volume-dependent deposition of bcd mRNA, and thus the adjustment of Bcd production rate, could take place passively, our proposed Bcd gradient scaling mechanism may also play a role in correcting environmental factor-induced egg size variation. If this is true, this mechanism might represent a general means for scaling (at the level of the Bcd gradient) that is broadly utilized across species.
Bcd gradient scaling achieved by our proposed mechanism is imperfect with respect to certain positions. Although there is good scaling in broad regions of the embryo, there are large differences in B in the most anterior parts (Fig. 2B ). Such differences lead to large differences in Bcd-encoded positional information (Fig. 2D) . How scaled patterning in these parts of the embryo is achieved remains unknown. It is possible that the terminal system may provide positional information in a manner that is also dependent on embryo size. This could be achieved either through a direct, but passive, mechanism, in which the amount of a rate-limiting component(s) of the terminal system is -like bcd mRNA -also determined in a volume-dependent manner, or through an indirect feedback mechanism in which the relevant action of this system is regulated by the amount of Bcd (Kim et al., 2010) . We also note that, although the eve expression boundary positions in the selected large and small embryos have good scaling properties, they do exhibit an allometric shift along the A-P axis (Miles et al., 2010) . This shift is not consistent with the shift in the positional information provided by Bcd in this region (the posterior) of the embryo. In addition, when evaluating Bcd gradient properties using the scaling coefficient (de Lachapelle and Bergmann, 2010b), we observed slight hyposcaling in broad regions of the embryo ( Fig.  2E and see Fig. S3E in the supplementary material) . Together, these results suggest that additional mechanisms, such as the terminal system (Lohr et al., 2009; Ochoa-Espinosa et al., 2009 ) and/or gene regulatory networks (Bergmann et al., 2007; Jaeger et al., 2004; Manu et al., 2009) , work with Bcd to achieve the observed eve expression patterns [see also Keranen et al. (Keranen et al., 2006) for pattern flow during embryogenesis].
The deployment of two different mechanisms for achieving Bcd gradient scaling within species versus between species is not surprising in our view. Under sustained evolutionary pressure to maintain Bcd scaling in the face of egg size divergence across species (that require Bcd for A-P patterning), biophysical properties of Bcd gradient formation (i.e. the diffusibility or stability of Bcd) are expected to evolve in concert with embryo size. Over time, and with sufficient fine-tuning of diffusion and degradation rates by natural selection, scaling at all positions can be achieved. By contrast, for the same scaling mechanism to be utilized by embryos of different sizes (of genetic origin) within a species, alleles that control the diffusion or degradation rates of Bcd would have to be tightly associated with the alleles that control embryo size. For a trait such as egg size, with its multifactorial genetic basis, a tight association between egg size and gradient scaling alleles would be difficult, if not impossible, to achieve. Instead, a scaling mechanism achieved through passively adjusting the Bcd production rate provides an effective (though imperfect) means to correct within-species differences in egg size arising from both genetic and stochastic (and possibly environmental) origins.
How a Bcd concentration gradient is formed remains highly controversial (Coppey et al., 2007; Deng et al., 2010; Gregor et al., 2008; Gregor et al., 2007b; Grimm and Wieschaus, 2010; Little et al., 2011; Porcher et al., 2010; Spirov et al., 2009) , even whether the positional information provided by Bcd is decoded before the gradient reaches its steady state (Bergmann et al., 2007; Bergmann et al., 2008; Bialek et al., 2008; de Lachapelle and Bergmann, 2010a; de Lachapelle and Bergmann, 2010b; He et al., 2011; Jaeger, 2010; . Although we have not specifically investigated the process of Bcd gradient formation, the observed scaling properties of the Bcd gradient may be readily explained by a diffusion model if the Bcd production rate is scaled with embryo volume (Deng et al., 2010) . It is interesting to note that our observed S profile exhibits a broad similarity to the profiles obtained in a model that assumes a volume-dependent Bcd production rate (de Lachapelle and Bergmann, 2010b) . Besides the difference in the amount of bcd mRNA (and consequently B 0 ) in the large and small embryos, we currently do not know whether these embryos exhibit other differences that are relevant to Bcd gradient formation. We emphasize that, despite an incomplete knowledge -as a field -of how Bcd gradient formation is controlled, our current study represents a step forward in understanding scaling. Most importantly, the volume-dependent deposition of bcd mRNA provides a passive (i.e. self-correcting), early-acting mechanism for producing Bcd scaling that contributes to robust pattern formation. Going beyond the early Drosophila embryo, which does not change in overall size as a function of time, morphogen gradients also play roles in patterning tissues that grow in size. A correlation between the amplitude and L (achieved by adjusting the morphogen production rate or by other mechanisms) may also provide a simple means to maintain scaled patterning as a tissue grows in size.
